This paper describes analytical structural models created for various components of the Tobin Memorial Bridge, and a program of instrumentation and non-destructive testing for the Little Mystic Span. A detailed global finite element model of the Little Mystic Span, one of the two truss spans, was developed along with supporting special studies of continuity and boundary conditions. Special studies include modeling the rotational stiffness of the truss connections and consideration of the piers and bridge shoes. An instrumentation plan was developed and deployed for the Little Mystic Span to capture structural responses of key truss members. Nondestructive testing using loaded trucks was carried out for the purpose of model verification and calibration. Preliminary comparisons between experimental and analytical strains for key truss members show reasonable agreement. Special study results will be used to fine-tune the global finite element model. The verified models may be used as a condition assessment program and structural health monitoring system for the management of the Tobin Memorial Bridge.
INTRODUCTION
Visual inspection is the primary means to evaluate the condition of virtually all highway bridges in the United States. Structural deterioration is assigned a numerical rating from zero to nine, with zero being a "failed" condition and nine being in "excellent" condition. The ratings are subjective to an extent, based on detailed guidelines and in part on the experience and approach of the inspectors. Furthermore, visual inspections are, by definition, limited to what can be seen. Hidden structural members, or conditions that are difficult to directly view, may not receive the same level of inspection treatment (Farhey 2005) . The inspector's expertise is required to evaluate the adequacy of the overall structural condition of the bridge.
In addition to visual inspections, load ratings are performed using the AASHTO allowable stress, load factor, or load and resistance factor rating methods. The purpose of load ratings is to determine the load capacity of an existing bridge. Development of a bridge's load capacity indicates if a load limit should be posted on the bridge, if special freight policies should be implemented, and to develop truck routes around congested urban areas. Bridge testing for load ratings is a complementary tool to visual inspections in assessing the structural condition of the bridge and determining the appropriate maintenance strategy. Software is available to aid in the load rating process, including the AASHTO Bridge Analysis and Rating System that has been in use throughout the country since the early 1970's. Advances in computing power and availability have provided a platform for consistently improving structural analysis and load rating software, including AASHTO's new bridge load rating system named Virtis/Opis (Thompson et al. 2000) .
Model calibration using measured data. Computer modeling can be an objective approach for creating a guided visual inspection, leading to more efficient bridge condition assessment. However, while the analytical model seems to be more objective, errors in computer modeling of structural components significantly impact the value of the analytical responses for condition assessment. Errors include oversimplification of assumptions, uncertain boundary and continuity conditions, and unknown loading conditions. It is possible to calibrate a structural bridge model by evaluating its performance under a known loading and comparing the predicted response to the measured response. Instrumentation of the bridge with an array of sensors designed to capture structural responses of the bridge can be used to help validate the computer model.
The combination of a calibrated analytical model along with sensors to measure the structure's response can be used to develop a structural health monitoring (SHM) system. The system can provide more objective, supplemental data that aids in decisions for apportionment of limited maintenance funds. The SHM system may detect unusual structural behavior at an early stage, thereby alerting bridge owners that a comprehensive investigation is required. Through application of the system and more detailed modeling, components appearing to have damage may still have sufficient capacity to carry design loads. Therefore, objective assessment, in combination with subjective visual assessment, helps to direct limited maintenance funds to components in need of repair. Also, a calibrated structural model can be used for load rating and permitting.
Effective monitoring requires the development of a computer model that accurately characterizes the entire structure, including system performance, continuity and boundary conditions. Such a model will be more detailed and elaborate than a design model, which has factors of safety and conservative assumptions appropriate for design, but not necessarily accurate enough for modeling the structures system response under loading.
Connections and boundary conditions. Special studies may be required to develop an analytical model that accurately characterizes a real structure. Examples of factors influential to computed structural responses include connection stiffness and boundary conditions. Appropriate characterization of these factors in the model can have a significant impact on the model's overall accuracy. Performing special studies on influential components of the structural model can help to improve the accuracy of global and local structural models.
TOBIN MEMORIAL BRIDGE
History of the Tobin Bridge. The Maurice J. Tobin Memorial Bridge carries US Route 1 across the Mystic River, connecting the city of Chelsea and the Charlestown section of Boston, Massachusetts. Construction on the bridge began in 1948 and it was opened to traffic in 1950. The 2 1/4 mile long structure includes 32 approach spans on the Chelsea side, 36 approach spans on the Boston side, the Little Mystic Span, the Big Mystic Span, and the Toll Plaza. 
BRIDGE COMPUTER MODELS
Modeling approach. Three dimensional line models were prepared in AutoCAD representing the geometry of structural components of the Tobin Bridge. Figure 4 shows the AutoCAD model of the Big Mystic Span. Each structural element is represented by at least one line element in the model. Every crossbeam, stringer, truss member, floor beam, sway frame, diaphragm, and bracing member is included in a "microscopic-level" model. Previous research (Catbas et al. 2007 ) on a bridge similar to the Big Mystic Span demonstrated that a microscopic-level model could predict the structural responses of a non-destructive test with reasonable accuracy. Modeling at a highly detailed level eliminates the need to make assumptions about the effective behavior of structural elements as required in a smeared and coarse modeling approach. Smeared modeling is an approach that combines a number of structural elements into a few finite elements with effective properties; microscopic-level modeling involves a geometrically complex model but the calculations and assumptions of effective properties do not need to be made.
Figure 4. 3D AutoCAD model of the Big Mystic Span
The commercial analysis programs SAP2000® and GT STRUDL® were chosen for this project. Both programs can be used to generate structural analysis models through their Application Programming Interface (SAP2000®) and Text File Input (GT STRUDL®). So in this approach, the geometry model is used as a database to store pertinent information about the existing structure. Structural models can then be generated in many different programs. Creation of finite element models (FEM) from AutoCAD models is accomplished using a three-step process shown in Figure 5 .
Figure 5. Computer model development process
The geometric AutoCAD models are transferred to an Excel spreadsheet using the AutoLISP programming language. Imported geometry is named and assigned numerical inputs required for structural analysis in the spreadsheet including material and section properties, connection stiffness, and loading conditions. Visual Basic routines create the FE models directly from the spreadsheet data.
Standard 3D frame elements compose the steel members of the FEM. The concrete deck is represented as a mesh of shell elements with a specified thickness. Figure 6 shows the frame and shell elements that compose the SAP2000® model of the Little Mystic Span. Connections. Truss design typically assumes that the members are connected by frictionless pins and are free to rotate. Forces are assumed to be present only in the axial direction of connecting members. However, the assumption that joints are free to rotate does not represent the structure's actual behavior. Friction will always be present at the connections, even those detailed with eyebars and pins. Secondary stresses, due to shears, moments, and torsion, build up in the members due to the rigidity of the connections. In the case of the Tobin Bridge, truss members are connected by large, riveted gusset plates, probably leading to introduction of secondary stresses in the members, see Figure 7 .
Secondary stresses have been long considered in the design of truss bridges. In 1877, the polytechnic school in Munich offered a prize for the solution of how to calculate secondary stresses in a riveted truss. Heinrich Manderla proposed a method to calculate secondary stresses that won the prize (Manderla 1880) . His solution, along with other approximate methods proposed by various German professors, provides a way for engineers to calculate secondary stresses. These calculations can be time consuming.
Figure 7. A typical connection of the Tobin Bridge
Advancements in technology and computing power have improved the engineer's ability to model for secondary stresses. GT STRUDL® and SAP2000® allow connection stiffness to be specified for each member. The connections can be modeled as fully-fixed, fully-pinned, a set of linear translational and rotational spring or a fully-populated stiffness and mass matrix, which could include off-diagonal terms that account the interaction between degrees of freedom. A study of the Little Mystic Span of the Tobin Memorial Bridge revealed that secondary stresses for a fully-fixed model were significant compared to primary stresses (Brenner et al. 2009 ).
The analysis was performed using two load cases: two HS-20 trucks on each deck at the midspan and at the supports. (Member designations are based on the grid shown in Figure 8 ). References on the subject of secondary stresses contend that differences in primary stresses between the cases of fully-fixed and fully-pinned can be neglected for practical purposes (Grimm 1908) . The SAP2000® analysis confirmed that primary stresses do not vary significantly between the fully-fixed and fully-pinned assumptions.
Figure 8. Joint naming convention for the Little Mystic Span model
Detailed finite element models of Connections L5 and L6 of the Little Mystic span of the Tobin Bridge were developed to quantify the rotational stiffness values of the connections. Additional detailed models have been developed to predict secondary stress concentrations on the gusset plates and to determine shear forces applied to the rivets within the gusset plates. These connections were instrumented with strain rosettes. Figure 9 shows a LUSAS® model of Connection L5 for the Little Mystic Span.
Models developed for Connections L5 and L6 were also used to evaluate stress concentrations at the gusset plates. Typical of other structural connection designs of this era, estimation of the impact of secondary stresses on gusset plate was based upon empirical formals and coefficients set forth in design guides. It was the responsibility of the designer to minimize the bending moment transferred to the gusset plates. However, bending moment will always be present in the connection, regardless of how it was designed. Figure 10 shows stress distribution in the gusset plate of Connection L5 for the Little Mystic Span. Use of more sophisticated models allows for a more refined evaluation of secondary moments in the truss elements. 
Piers.
Boundary conditions are an important consideration when modeling a structure. The level of restraint, or freedom, of the supports can significantly impact model responses. This project included a study to determine the impact of modeling the piers (Brenner et al. 2009) . The piers will deflect, but the adjacent approach spans and Toll Plaza area will limit that movement. In order to capture the actual bridge response, the piers were included in the FEM. The rotational fixity at the top of the pier may be adjusted during the model calibration process to represent the fixity of the bridge shoe.
TRUCK LOAD TESTING
To calibrate and verify the FEM, components of the Tobin Memorial Bridge were instrumented and truck load testing performed. Instrumentation includes strain gauges, strain rosettes, tilt meters, temperature sensors, accelerometers, and a weather station. Data is collected by data loggers at various locations on the bridge. Postprocessing of the data provides strains and stresses in the actual structure that are compared to the outputs of the FEM. The FEM is then calibrated to reflect the measured data. Eventually after the FEM are verified, they can be used as part of a structural health monitoring and condition assessment program.
Instrumentation of the Little Mystic Span. Table 1 shows types and quantities of instruments installed on the Little Mystic Span. Strain gauges, accelerometers, and thermistors were attached to truss members, floor beams and gusset plates. Truck Load Test Data. A controlled load test of the Little Mystic Span was performed using Massport sand trucks on November 10, 2009. The purpose of the test was to develop a set of strain data that could be used to compare with predicted FEM outputs. Controlled load tests use trucks of known weights and locations. The load test procedure had to be executed efficiently and quickly to limit impacts on traffic. We utilized the empty Toll Plaza area on the Lower Deck to prepare two sand trucks for the test. Trucks were outfitted with reflector prisms to track their positions using a Leica Total Station. Figure 11 shows the change in strain for the bottom chord member L4L5 during the load test. Strain data collected at 1 Hz and truck position data collected at 0.5 Hz provided a basis to compare analytical and experimental responses. The load test procedure is outlined below, with numbers corresponding to the dimensioned sections of the graph:
1 Normal traffic on both the Upper and Lower Levels. 2 Traffic was stopped and baseline readings for the strain gauges were collected. The two trucks were positioned on the Lower Level Toll Plaza area at the edge of the Little Mystic Span. Figure 13 shows the trucks in this position. 3 The trucks moved at a crawl speed of 5 mph to the midspan (L6). 4 The trucks remained stopped at the midspan for approximately 30 seconds. 5 The trucks continued at crawl speed to the opposite end of the truss. 6 The trucks reversed onto the truss, turned around and drove off of the bridge.
Normal traffic on the Upper Level resumed. 7 Normal traffic on the Lower Level resumed. Joint loads representing measured truck weights and locations were input to the nodes of the Little Mystic Span model. Locations of truck wheels were determined using the positioning data from the Total Stations. Each truck was fully-loaded with sand to approximately 35,000 lbs for the test. The preliminary comparison involved examining the strains in the bottom chord members near the midspan during the 30-second stop at the midspan (number 4 in Figure 11 ). Table 2 shows analytical and experimental axial strains for those bottom chord members. Initial examination of the bottom chord members in the 3D frame element model in SAP2000® shows reasonable correlation between predicted and measured axial strains. However, calculated diagonal member strains varied significantly from those measured. We developed a detailed local finite element model in SAP2000® (composed of shell elements) for diagonal member L5U6. Predicted strains for this member differed significantly from the global frame element model for some gauges. The 3D model (Figure 12 ) was pinned along the edge of the gusset plates and joint loads were applied to replicate the axial force in the global frame element model. This figure shows stresses in the axial and transverse directions at the lower end of diagonal member L5U6. Stresses in both in-plane directions must be considered to find the axial strain, given by
where Poisson's ratio, ν , is assumed to be 0.3 for steel, and the stresses in the vertical direction, z σ , are assumed to be negligible for shell elements. Figure 12 . In-plane stresses for diagonal member L5U6 using SAP2000®
Note that the stresses in the member are sensitive to the location of the hand holes. Axial strains in this model were found to be approximately the same as those predicted by the global model, if the stresses and strains were calculated sufficiently far away from the hand holes. The stress concentration factor is defined by Hibbeler (2005) as the ratio of maximum stress to the average stress acting on the smallest cross section. In areas near the hand holes, the stress concentration factor deviates significantly from a ratio of one. Trends in our instrumentation data mimic the FEM results. Approximate strain gauge locations are shown in Figure 12 .
This type of local finite element study was needed to explain the behavior of the gauges on diagonal members. The bottom chord analytical and experimental results matched well for the frame element model because gauges are located sufficiently far from hand holes. Ease of installation required diagonal member strain gauges to be located in close proximity to hand holes. Precise locations of these gauges will be determined in the field so that a more exact comparison of strain can be considered. 
CONCLUSIONS
A team of engineers, researchers and bridge engineers are participating on a unique project to model and help evaluate the Tobin Bridge, the longest bridge in the Commonwealth of Massachusetts. The project has been authorized by the Massachusetts Port Authority to assist in maintenance and rehabilitation of the complex bridge structure. To date, the team has developed a set of three dimensional finite element models representing components of the bridge. The combination of a global structural model and several detailed FEM, created through a series of special studies, more closely represents the bridge structure's true system behavior.
The instrumentation plan was developed with input from the researchers, bridges designers, instrumentation specialist and bridge managers and owners. Ambient and operational data is being collected and analyzed. A controlled load test was performed in fall 2009 to compare collected strain data with the Little Mystic Span FEM. Preliminary axial strain data processing shows reasonable correlation between analytical and experimental results. Thanks to this forward-looking project, it is envisioned that managers of the Tobin Bridge eventually will have a functional structural health monitoring system that will greatly aid in the maintenance of the bridge.
FUTURE WORK
Future work on this project will focus on data processing and model calibration and updating. Analytical influence lines for certain members will be developed and compared with the crawl speed data. Longer-term strain data will be examined alongside temperature data to understand the affects of environmental variation. The boundary conditions and member properties will be adjusted through manual model updating as needed. The results of the connection modeling special study will be used to update the continuity conditions. Connection stiffness values will be incorporated in the global FEM to capture the secondary moments in the truss members.
